A male advantage for spatial learning and memory tasks is well documented among humans and rodents. A possible physiological cause for this male advantage is activational effects of androgens among males. The spatial memory of 8 castrated and 8 sham-castrated adult male rats was compared using a working-reference memory version of the eight-arm radial arm maze followed by a reference memory version of the Morris water maze. After maze testing, blood was collected from each rat, and testosterone levels were determined using radioimmunoassay.
INTRODUCTION
Spatial ability refers to the ability to encode, store, and retrieve knowledge about the position of environmental features relative to each other and the individual. A sex difference in spatial ability is one of the most well characterized human sex differences in cognition (Hampson, 2000; Linn & Petersen, 1985; Nyborg, 1983; Voyer, Voyer, & Bryden, 1995) .
Specifically, a male advantage has been well documented for a variety of spatial tasks, including mental rotation of objects (Collins & Kimura, 1997; Parsons et al., 2004) , geographic knowledge (Dabbs, Chang, Strong, & Milun, 1998) , route learning involving Euclidean strategies (Galea & Kimura, 1993; Holding & Holding, 1988; Postma, Jager, Kessels, Koppeschaar, & van Honk, 2004) , and maze navigation (Astur, Ortiz, & Sutherland, 1998; Driscoll, Hamilton, Yeo, Brooks, & Sutherland, 2005; Moffat, Hampson, & Hatzipantelis, 1998) . It should be noted, however, that a female advantage has been documented for spatial tasks involving the memory of the relative position of objects within an array (Duff & Hampson, 2001; Silverman & Eals, 1992) . A sex difference in spatial ability has also been documented in a variety of rodent species (Galea, Kavaliers, & Ossenkopp, 1996; Gaulin & FitzGerald, 1986; Gresack & Frick, 2003; Williams, Barnett, & Meck, 1990) . In a recent meta-analysis, Jonasson (2005) concluded that male rats outperform females in water maze tasks (Effect size d* = 0.71) as well as in radial-arm maze tasks (Effect size d* = 0.78).
Studies with rodents and humans indicate that sex differences in spatial ability are partially due to the organizational effects of androgens during development (e.g., Hines et al. 2003; Isgor & Sengelaub 1998; Roof & Havens 1992) . Growing evidence indicates that sex differences in spatial ability are also partially caused by the activational effects of androgens upon adult male cognition. Testosterone levels in men have been positively correlated with mental rotation ability (Christiansen & Knussmann, 1987; Hooven, Chabris, Ellison, & Kosslyn, 2004; Silverman, Kastuk, Choi, & Phillips, 1999) , route learning (Choi & Silverman, 2002) , and maze navigation (Driscoll et al., 2005) . In addition, older men given testosterone supplements showed improved spatial ability (Cherrier et al., 2001; Janowsky, Oviatt, & Orwoll, 1994) .
However, some studies using various spatial tasks have found no relationship between testosterone levels and spatial ability among men (McKeever & Deyo, 1990; McKeever, Rich, Deyo, & Conner, 1987) , others have found a negative relationship (Gouchie & Kimura, 1991) , and some have shown a negative parabolic relationship (Moffat & Hampson, 1996; Neave, Menaged, & Weightman, 1999) . These contradictory results may be due, in part, to differences between studies in the range of subjects' testosterone levels or due to the use of different cognitive tests in which performance depends on different forms of memory.
Some studies have compared the performance of castrated and intact male rats in spatial working and reference memory tasks. Working memory refers to memories that are trial-unique and therefore require behavioral flexibility (Olton & Papas, 1979) . Reference memory refers to long-term memories that are constant from trial to trial and require little or no behavioral flexibility (Olton & Papas, 1979) . Daniel, Winsauer, and Moerschbaecher (2003) found that intact males committed fewer working memory errors than did castrated males in a working memory version of the eight-arm radial arm maze. Similarly, intact males committed fewer working memory errors than castrated males in a spatial T-maze (Kritzer, McLaughlin, Smirilis, & Robinson, 2001) . In contrast, castrated and sham-castrated males showed no significant differences in retention or acquisition in the reference memory version of the Morris water maze (Sandstrom, Kim, & Wasserman, 2005) .
Other studies have used exogenous manipulations of testosterone to examine the activational effects of testosterone on working and reference memory among male rats.
Testosterone implants, resulting in high physiological levels of testosterone, led to impaired retention but had no effect on acquisition in the Morris water maze (Goudsmit, Van De Poll, & Swaab, 1990) . In contrast, supra-physiological injections of testosterone (2.5 mg/rat) given to castrated males improved their performance during acquisition trials in the Morris water maze (Khalil, King, & Soliman, 2005) . Bimonte-Nelson et al. (2003) tested intact males in a water radial arm maze and found that testosterone implants, resulting in low physiological levels of testosterone, led to improved working memory but had no effect on reference memory.
Similarly, Kritzer et al. (2001) found that implants that restored castrates to physiological levels of testosterone led to improved working memory in a spatial T-maze. High doses of testosterone injected into the hippocampus impaired acquisition in the water maze (Naghdi, Nafisy, & Majlessi, 2001 ). In summary, testosterone supplementation seems to improve working memory, but the effects of testosterone on reference memory remain unclear and may depend on dose.
Past research indicates that testosterone can influence spatial memory among male rats. However, the results are somewhat contradictory and seem to depend upon the memory task employed as well as the dose of hormone manipulations. The primary goal of this study was to further clarify the effects of androgens upon spatial memory. This was done by comparing the performance of castrated and intact males on two spatial memory tasks. Rats were first tested with a working-reference memory version of the radial arm maze and then with a reference memory version of the Morris water maze. Circulating testosterone levels were determined for the intact males to examine correlations between testosterone levels and spatial memory. A total of 16 adult male Sprague Dawley rats (260-285 g; approximately 60 days old) were obtained from the University of British Columbia Animal Care Facility. Animals were housed individually in opaque polyurethane bins with aspen-chip bedding in a temperature controlled room (21 ± 1 ºC) with a 12:12 h light/dark cycle (lights on at 0700 h). Tap water and rodent chow (Lab Diet #5012; Jamieson) were provided ad libitum throughout the experiment.
METHOD Participants

Measures and Procedures
Surgery
Surgeries were conducted one week after rats arrived in the colony using aseptic procedures. Under halothane anesthesia (4% in oxygen during induction, 2% in oxygen during maintenance), eight males were bilaterally castrated and eight males received sham-castrations.
For castrations, both testes were extracted through a small incision made at the posterior tip of the scrotum and were ligated with a silk suture. Sham operations involved incisions into the skin and muscle layers of the scrotum that were sutured without removing the testes. One week was allowed for recovery from surgery prior to any behavioral testing.
Radial Arm Maze
Previous studies have shown that male rats out-perform females in the radial arm maze (e.g., Roof 1993; Seymoure, Dou, & Juraska 1996) . Testing was conducted on an eight-arm radial arm maze elevated 70 cm above the floor, with arms (56 cm × 10 cm) projecting at equal angles from a central platform (33 cm diameter). The maze was located in a dimly lit room with multiple visual cues (posters, a chair, and a small table). The maze, all cues, and the experimenter were in the same location for all testing, and testing was conducted at approximately the same time each day (1100-1400 h). At the start of each day, the maze was rotated at random, while remaining in the same relative position in the room, to minimize intramaze cues. Fruit Whirls (Glenmont Distributors, Calgary, Alberta, Canada) were used as the food reward, and all rats received five whole Fruit Whirls in their home cages each day during the habituation and shaping phases of testing. Rats were maintained at 90% of their free-feeding body mass during all days of the radial arm maze procedure.
Our protocol consisted of 3 habituation days, 3 shaping days, and 30 training days. Four arms of the maze were assigned at random to be baited, and these arms remained consistent throughout the experiment for each rat. During the first day of habituation, rats were placed in the center of the maze and allowed to freely explore the maze for 5 min. During the second and third days of habituation, the time on the maze was extended to 10 min. During shaping, four pieces of Fruit Whirl were placed at equidistant intervals along the assigned arms, and the rats were allowed to freely explore the maze for 10 min. During training days, a single piece of Fruit Whirl was placed at the end of the assigned arms in a recessed cup, where it could not be seen by the rats until they reached the end of the maze arm. Training trials were ended when the rat either recovered all four Fruit Whirls or 10 min had elapsed. The task was not completed within the allotted 10 min during 7 trials involving 4 rats (2 castrates and 2 shams). For these cases, we assigned each rat the average number of errors made on the trial before and on the trial after the incomplete trial. An arm entry was scored if the rat's hind legs passed from the center of the maze into an arm. Rats could make at least two types of errors during training: Reference memory errors (RME) were defined as first entries into non-baited arms, and working memory errors (WME) were defined as repeat entries into baited or non-baited arms. Average time spent on the maze per arm choice was calculated as a measure of motivation and motor ability.
Morris Water Maze
Previous studies have shown that male rats out-perform females in the Morris water maze (e.g., Perrot-Sinal, Kostenuik, Ossenkopp, & Kavaliers, 1996; Roof, 1993) . Our water maze was a white circular pool (180 cm diameter, 60 cm height) that was filled to a depth of 22 cm with water (20 ± 2 °C) that was made opaque with nontoxic white paint. The pool was divided geographically into four quadrants with four equidistant release points designated N, W, S, E.
The goal platform (10 cm diameter) was submerged 2 cm under the water so that it could not be used as an intra-maze cue. Water maze testing was conducted in a separate room from that used for radial arm maze testing. Various spatial cues (posters, camera, chalkboard, chairs, etc.) were kept constant throughout testing. The experimenter was out of view behind a barrier while trials were being run. All trials were video recorded using a camera mounted above the maze. Videos were analyzed using an HVS tracking system (HVS Image, Hampton, UK), which calculated path length to the platform, escape latency (time to reach the platform), swim speed, and time spent in each quadrant.
To allow rats to return to their free-feeding body mass, 60 days of ad libitum feeding elapsed between the final day of radial arm maze training and the first day of water maze testing.
Three days prior to testing, black hair dye (Lady Clairol TM , #124) was applied to the top of each rat's head so that their behavior could be scored by the tracking system. For all trials, rats were released near the edge of the pool facing the edge. Trials were conducted over eight consecutive days between 1200 h and 1400 h. A single free-swim trial was conducted the first day, which involved releasing rats into the pool for 90 s, without the platform present, to measure their baseline swimming speed. The next five days of testing involved blocks of four acquisition trials per day. The position of the platform was assigned at random to one of the four quadrants for each rat and the platform was placed consistently in the same quadrant for all trials involving a particular rat. Rats were allowed to remain on the platform for 15 s after locating it. If a rat did not locate the platform within 90 s, it was guided to the platform and allowed to remain there for 15 s. During each day of acquisition, each rat was released from all four release points around the pool in a random order. Rats were gently towel dried and placed in a holding cage during 45 s inter-trial intervals. A single probe trial was conducted on the day following the final day of acquisition trials. For the probe trial, the platform was removed and the amount of time rats spent swimming in each quadrant was monitored for 90 s. On the day after the probe trials, four reversal-learning trials were conducted. For reversal learning, the platform was placed in the quadrant opposite where it had been during the acquisition trials, and rats were released from all four release points as for the acquisition trials.
Testosterone Assay
Testosterone levels for all males were assayed for two reasons: to verify that castration had eliminated most of the circulating testosterone, and to analyze the relationship between testosterone levels and performance on the spatial tasks among the sham-castrated males. After water maze testing was completed, all rats were euthanized in a CO 2 chamber. Just prior to death, blood samples (1-2 ml) were collected via cardiac puncture and samples were stored overnight at 4 °C. Samples were centrifuged at 10,000 rpm for 15 min, and serum was decanted and stored at -20 °C. Serum testosterone for each rat was assayed using the ImmuChem Coated Tube RIA Kit (MP Biomedicals Inc., Costa Mesa, CA) with [ 125 I]testosterone as the tracer. The detection range for the kit was 0.2-20.0 ng/ml. The testosterone antibody has some cross-reactivity with 5α-dihydrotestosterone (7.8%), 5α-androsterone-3β, 17β-diol (2.2%), and 11-oxytestosterone (2.0%), but has no cross-reactivity with progesterone, estrogens, or glucocorticoids (all < 0.01%). All samples were run in duplicate and the intra-assay coefficient of variation was 8.3%.
Statistical Analyses
The radial arm maze data were divided into six five-day blocks for analyses. Number of working memory errors, number of reference memory errors, and average time per arm choice were analyzed using repeated measures analysis of variance (ANOVA), with five-day blocks as the within-subjects factor and treatment group (sham or castrate) as the between-subjects factor.
To further examine reference memory in the radial arm maze, the percentage of times that the first arm entry was correct during each five-day block was determined for each rat. This percentage was compared between treatment groups using repeated-measures ANOVA and was compared to chance levels (50%) using one-sample t tests. Repeated-measures ANOVA was also used to analyze the total number of working memory and reference memory errors for the entire 30 days. For this analysis, the within-subjects factor was error type (working or reference memory) and the between-subjects factor was treatment group. For the water maze, independent t tests were used to compare the performance of the two treatment groups during the free swim and reversal learning trials. Repeated-measures ANOVAs were used to analyze escape latencies and path lengths during the acquisition trials, with testing block as the within-subjects factor and treatment group as the between-subjects factor. One-sample t tests were used to compare the amount of time rats spent swimming in the target quadrant during the probe trials to the amount of time that would be expected if rats had swam at random (22.5 s). Linear regressions were used to determine the relationship between testosterone levels and performance of the sham-castrated males in both the radial arm maze and the water maze. Neuman-Keuls procedure was used for all post hoc comparisons, and effect size (η 2 ) is reported for some analyses. Statistica 6.1 (Statsoft, Inc., Tulsa, OK) was used for all analyses.
RESULTS
Radial Arm Maze
Castrates committed significantly more WME than did shams, F(1, 13) = 6.14, partial η 2 = 0.32, p = .028 (Fig. 1A) . All males committed fewer errors on later five-day blocks, resulting in a significant main effect of block, F(5, 65) = 9.08, p < .001, and post hoc tests showed that males committed more WME during the first 5-day block than during any of the other blocks, all p < .001. There was no significant condition × block interaction for WME.
In contrast, Shams committed more RME on the radial arm maze than did castrates during some of the days of testing, but the main effect of treatment just failed to reach statistical significance, F(1, 13) = 3.98, p = .067 (Fig. 1B) . There was no significant main effect of block on RME and no significant condition × block interaction. To further examine reference memory, the percentage of correct choices on the first arm entry was examined (Fig. 2) . The main effects of block and treatment as well as the interaction effect were not significant for percentage of correct first choices. Furthermore, none of the 5-day blocks for castrates or shams were significantly different from chance levels (50% correct).
Insert Figure 1 and 2 about here
There was a significant main effect of block for average time per arm choice, F(5,65) = 5.29, p < .001, with rats spending significantly more time per arm choice during the first 5-day block than during any of the other blocks, all p < .01. There was no significant main effect of condition and no significant condition × block interaction for average time per arm choice. This indicates that castrates and shams did not differ in motor ability and/or motivational level during testing.
For the total number of errors committed over the 30 days of testing, there was a significant condition × error type interaction, F(1, 13) = 11.42, partial η 2 = 0.47, p = .005 (Fig. 3 ). Post hoc tests revealed that shams committed significantly more total RME than did castrates, p = .015, and that there was a trend for castrates to commit more total WME than did shams, p = .072. There was also a significant main effect of error type, with total number of RME significantly greater than the total number of WME, F(1, 13) = 656.9, p < .005, but no significant main effect of condition for total number of errors.
Insert Figure 3 about here
Morris Water Maze
Castrates and shams did not statistically differ in swim speed during the free-swim trials, which indicates that the treatment groups did not differ in their swimming abilities and/or motivation. Castrates and shams performed at similar levels during the acquisition trials. During the five blocks of acquisition trials, there was a significant main effect of block, F(4, 56) = 17.56, p < .0001 (Fig 4A) . However, there was no significant difference between the castrates and sham groups for path length to reach the platform. There was also no significant block × condition interaction for path length. The escape latencies to reach the platform showed similar trends to those for path lengths (Fig. 4B) . Escape latencies showed a significant main effect of block, F(4, 56) = 13.00, p < .0001, but no significant main effect of condition and no significant block × condition interaction.
Insert Figure 4 about here
During the probe trials, both shams and castrates preferentially swam in the quadrant where the platform had previously been (M ± SEM, castrates = 40.78 s ± 3.05 s; shams = 35.65 s ± 3.21 s). Castrates spent significantly more time in the target quadrant than would be expected by a random swim path, t(7) = 6.00, p < .001, as did shams, t(7) = 4.10, p = .005. Castrates and shams did not differ significantly in the amount of time spent in the target quadrant during the probe trials.
Castrates and shams did not differ in the mean path lengths to reach the platform during reversal-learning trials. Similarly, the groups did not differ in their mean escape latencies during reversal learning. However, castrates did spend significantly longer than shams swimming in the quadrant where the platform had been during acquisition trials, t(14) = 3.06, partial η 2 = 0.40, p = .008 (castrates, M ± SEM = 22.28 s ± 2.19 s; shams, M ± SEM = 12.63 s ± 2.27 s). This suggests that castrates had higher levels of perseverance for the old platform location than did shams.
Testosterone Levels
Radioimmunoassay revealed no detectable testosterone in the serum of the castrated males, indicating that they all had testosterone levels at least below the lower limit of the assay (0.2 ng/ml). Serum testosterone concentrations were 1.57 ng/ml ± 0.35 ng/ml for the sham group.
Testosterone concentration among shams was not predictive of performance in the radial arm maze. Specifically, testosterone concentration was not related to total reference memory errors or total working memory errors. Testosterone concentrations among the shams were also not predictive of average path length or escape latency during any of the blocks of acquisition trials in the water maze. Interestingly, there was a trend for shams with higher testosterone levels to spend more time swimming in the target quadrant during probe trials in the water maze, r 2 = 0.48, , p = .058 (Fig. 5) . Shams with higher testosterone concentrations also displayed higher levels of perseverance during reversal learning in the water maze. Specifically, males with higher testosterone levels had longer path lengths, r 2 = 0.63, p = .018, had longer escape latencies, r 2 = 0.60, F(1, 6) = 9.06, p = .024, and spent significantly more time in the quadrant where the platform had previously been, r 2 = 0.55, F(1, 6) = 7.22, p = .036 (Fig. 6 ).
Insert Figures 5 and 6 about here
DISCUSSION
Castration resulted in changes in male performance in two maze tasks, suggesting that androgens have activational effects on spatial ability. Castrates committed more working memory errors in the radial arm maze, particularly during earlier blocks of training, than did sham-castrated male rats. Castrates also committed fewer total reference memory errors in the radial arm maze than did sham-castrated male rats. These results suggest that androgens may improve working memory while impairing reference memory. In contrast, castration had no effect on male performance during acquisition and probe trials in the Morris water maze, which suggests that androgens did not have a strong influence on the components of spatial ability tested in this particular task. However, shams with higher testosterone levels tended to have better retention, which suggests that testosterone may improve retention in the water maze. We did not find significant differences between castrates and shams for average time per arm choice in the radial arm maze or for average swim speed in the water maze, which indicates differences in performance were unlikely to be due to motor or motivational differences.
Past studies support our findings from the radial arm maze that castration impairs working memory. Similar to our study, Daniel et al. (2003) found that, although castrated male rats were capable of learning in a working memory version of the radial arm maze, they consistently performed more errors than did intact males. Kritzer et al. (2001) also found that castration resulted in impaired working memory, but testosterone implants reversed this deficit.
memory errors in a water escape radial arm maze. Our results also support human studies that have shown that testosterone improves spatial working memory in older men (Cherrier et al. 2001; Janowsky et al. 1994) . Choi & Silverman (2002) observed a positive correlation between testosterone and route learning in humans. Surprisingly, we did not find a relationship between testosterone levels and total working memory errors among shams. This could be due to at least three reasons: 1) blood in the present study was collected 69 days after radial arm maze testing was completed and, therefore, may not have been indicative of testosterone levels during testing, 2) the sham group had relatively low levels of testosterone (0.6-3.4 ng/ml), which could have limited our ability to detect a relationship between working memory and testosterone level, and 3) our sample size for sham-castrated males was relatively low (N = 8). Indeed, mean values of testosterone were over 3 ng/ml in previous studies that found a positive relationship between testosterone and working memory (Bimonte-Nelson et al., 2003; Kritzer et al., 2001 ) compared to a mean of 1.57 ng/ml in the present study.
Compared to working memory, the effects of androgens upon reference memory remain less clear. Ours is the first study to examine the effects of androgens upon reference memory in males using an appetitively motivated spatial task. Castration seemed to improve reference memory in the radial arm maze, with castrates performing fewer total reference memory errors than did shams. An important caveat to this result was that both shams and castrates showed little change in the number of reference memory errors committed each day, and it was only the compiled errors for the entire 30 days that showed a significant interaction between error type and treatment group. Furthermore, both castrated and intact males were making reference memory errors at near chance levels for their first arm choice in the maze even during the last 5-day block of testing. In contrast, all rats clearly demonstrated learning in a reference memory version of the Morris water maze. Hence, the radial arm maze may have been more difficult to learn than the water maze in terms of reference memory demands (Hodges 1996) . Our finding that castration had no significant effect on acquisition or retention in the water maze was supported by some previous studies. A recent study found that castration had no effect on acquisition or retention in a reference memory version of the Morris water maze (Sandstrom et al. 2005) . Similarly, Bimonte-Nelson et al. (2003) found that testosterone implants had no effect on male reference memory in a water-escape version of the radial arm maze. Goudsmit et al.
(1990) also found that testosterone implants had no effect on acquisition in the Morris water maze, but, unlike other studies, they found that testosterone impaired retention. Jones and Watson (2005) found that androgen insensitive rats performed more poorly in the Morris water maze than did control males, but the effect was subtle with differences occurring on only one out of five days of testing. Hence, the effects of androgens on reference memory seem to be minor and may be task dependent, but further studies are needed to support this idea.
Although males with higher testosterone levels tended to have better retention in the water maze, they also had higher levels of perseverance during reversal-learning trials. This indicates that better retention by rats with higher testosterone levels may reflect perseverance rather than better reference memory per se. Specifically, during reversal learning trials, shamcastrated males with higher testosterone levels had longer path lengths, longer escape latencies, and more time spent in the quadrant where the platform had previously been. Similarly, a previous study showed that testosterone implants given to female rats resulted in increased levels of perseverance on a lever-pressing task (van Hest, van Haaren, & van de Poll, 1989) . A positive relationship between testosterone levels and perseverance is contradicted, however, by our finding that castrates spent more time in the old target quadrant during reversal-learning than did shams. One, highly speculative, explanation for this contradiction is that there is a curvilinear relationship between testosterone levels and perseverance, which results in high perseverance among males with both high and low testosterone levels. To clarify the relationship between testosterone and perseverance, future studies should use rats with a wider range of testosterone levels than those in our study and use tests specifically designed to examine behavioral flexibility (e.g., Stefani & Moghaddam 2005) .
The fact that castration influenced male performance in the radial arm maze but not the Morris water maze highlights the importance of not drawing general conclusions based on a single spatial task (Hodges 1996) . One explanation for the different results obtained using the two procedures is that the motivation in the Morris water maze is avoidance of an aversive stimulus (water), whereas the radial arm maze is an appetitively motivated task. Some past research indicates that the magnitude of the sex differences in learning and memory may vary depending on whether the task is negatively or positively motivated (van Haaren, van Hiest, & Heinsbroek, 1990) . Another explanation for the different results obtained with the two tasks is that they measure different forms of spatial memory. Whereas the version of the radial are maze that we used distinguished between working memory and reference memory, the Morris water maze measured only reference memory. The effect of castration upon reference memory observed using the radial arm maze was subtle (i.e., only detected for total reference errors over 30 days) and may not have been detectable using only four days of acquisition in the water maze.
It should also be mentioned that we did not counter-balance the procedures, and therefore testing rats in the radial arm maze may have in some way influenced their performance in the water maze. Sixty days elapsed between the two tasks, and this increased time since castration may have induced neuroendocrine changes (e.g., Gupta, Rager, Zarzycki, & Eichner 1975 ) that influenced the performance of the castrated males in the water maze. Furthermore, one could argue that the increased age of the intact males could have resulted in both low testosterone levels and reduced performance in the water maze (Bimonte-Nelson et al., 2003; Goudsmit, Van De Poll, & Swaab, 1990) , but this seems unlikely given that our subjects were approximately 6 months old at the time of water maze testing and males do not show a decrease in androgen levels until 20 months of age (Wang, Leung, & Sinha-Hikim 1993) . Finally, as previously mentioned, the Morris water maze is an easier task to learn than the radial arm maze and this may partially explain the different findings with the two tasks. These ideas could be tested using different water maze tasks designed specifically to distinguish between reference and working memory (e.g., Baldi, Efoudebe, Lorenzini, & Bucherelli, 2005; Bimonte-Nelson et al. 2003) .
Our finding that androgens improved working memory and seemed to impair reference memory in the radial arm maze may be due to varying effects of androgens upon different brain regions. Lesions to both the hippocampus and various cortical regions have been shown to impair performance in spatial tasks (de Bruin, Swinkels, & Brabander, 1997; Eichenbaum, Stewart, & Morris 1990; Olton & Papas, 1979; Pothuizen, Zhang, Jongen-Rêlo, Feldon, & Yee, 2004; Seamans, Floresco, & Phillips, 1995; Seamans & Phillips, 1994) . The hippocampus and prefrontal cortex are two major areas that influence spatial working memory (Kesner, Hunt, Williams, & Long, 1996; Lee & Kesner 2003) , which suggests that androgens could influence processing between or within these regions to improve working memory. In support of this idea, androgen receptors have been isolated from both the hippocampus and prefrontal cortex of male rats (Kerr, Allore, Beck, & Handa, 1995; Kritzer 2004) . Within the hippocampus, testosterone influences neuronal activity (Harley, Malsbury, Squires, & Brown, 2000; Smith, Jones, & increase adult neurogenesis (Spritzer & Galea 2005) . In support of our finding that castration improved reference memory, high doses of testosterone injected into the hippocampus were shown to impair reference memory in the water maze (Naghdi et al., 2001; Naghdi, Majlessi, & Bozorgmerhr, 2005) .
Although testosterone may influence spatial ability directly, it can also be aromatized to estradiol (Chung & Hu, 2002) . Numerous studies conducted with humans and rodents have shown that estradiol can have activational effects on spatial ability among females (e.g., Hampson, 1990; Holmes, Wide, & Galea, 2002; Luine, Richards, Wu, & Beck, 1998; Postma, Winkel, Tuiten, & van Honk, 1999) . Some evidence suggests that estradiol can also have activational effects on spatial memory among male rats. Two studies showed that estradiol implants improved working memory among castrated males (Gibbs, 2005; Luine & Rodriguez, 1994) . This suggests that our finding that castration impaired working memory may be primarily due to a reduction in estradiol rather than a reduction in androgens. In addition, Gibbs (2005) found that increasing the delay between trials in a working memory version of the T-maze impaired testosterone-implanted males to a lesser degree than among estradiol-implanted males, suggesting that estradiol and testosterone have different effects on working memory. Some past studies suggest that estradiol improves reference memory among males (Packard, Kohlmaier, & Alexander, 1996; Martin, Jones, Simpson, & van den Buuse, 2003) , which suggests that our finding that castrates had better reference memory than shams did not involve changes in estadiol levels.
The current study demonstrated that androgens can have activational effects upon spatial working and reference memory among males, and these effects may be part of the physiological cause of the male advantage in many spatial tasks that has been well documented among rodents and humans. We found that castration impaired working memory in the radial arm maze, which suggests that higher androgen levels in males compared to females may underlie sex differences in spatial working memory. Our results for the effects of castration on reference memory are less clear, but suggest that androgens may impair spatial reference memory. Therefore, it seems unlikely that the male advantage for spatial reference memory is due to activational effects of androgens.
Fig. 1.
Mean number (± SEM) of RME (A) and WME (B) performed by castrated (n = 8) and
sham-castrated (n = 7) male rats during 5-day blocks over 30 days of testing on the radial arm maze. There was a trend for shams to commit more RME than castrates, and castrates committed more WME than did shams. Total number (+ SEM) of WME and RME committed by castrated (n = 8) and shamcastrated (n = 7) male rats over 30 days of testing on the radial arm maze. Shams committed more total RME than did castrates, and there was a trend for castrates to commit more total WME than shams. 
